In this work, the aerodynamic performance of beetle wing in free-forward flight was explored by a three-dimensional computational fluid dynamics (CFDs) simulation with measured wing kinematics. It is shown from the CFD results that twist and camber variation, which represent the wing flexibility, are most important when determining the aerodynamic performance. Twisting wing significantly increased the mean lift and camber variation enhanced the mean thrust while the required power was lower than the case when neither was considered. Thus, in a comparison of the power economy among rigid, twisting and flexible models, the flexible model showed the best performance. When the positive effect of wing interaction was added to that of wing flexibility, we found that the elytron created enough lift to support its weight, and the total lift (48.4 mN) generated from the simulation exceeded the gravity force of the beetle (47.5 mN) during forward flight.
Introduction
The unsteady high force mechanism of a flapping wing including a leading edge vortex (LEV), rotational motion, wake capture and clap-fling has been unveiled [1, 2] . Among them, the LEV is a crucial phenomenon; however, more studies are required of the spiral LEV [3] as well as the momentum transfer between the wing and the surrounding environment during three-dimensional flapping.
More recently, improving the aerodynamic performance of a flapping wing mimicking a flying insect has attracted the interest of researchers. Wing interaction characteristics and flexibility during the flapping motion are primary issues because they are believed to be the main reasons for the best aerodynamic performance of a flying insect. A great improvement in the aerodynamic force can be achieved from the interaction between two wings when they flap in appropriate parameters, including the gap between them, phase difference between the motions of two wings, and the amplitudes of their plunge motions [4] [5] [6] . Meanwhile, more studies are necessary in order to explore the aerodynamic performance caused by the interaction between flexible wings.
Wing flexibility is believed to be a key factor for improving the aerodynamic performance of insect flight. The wing of hoverflies is known to be dramatically deformed during the flapping period: the wing is positively cambered during the downstroke by trailing edge tension compressing the radial veins and negatively cambered with the tension released during the upstroke. The wing is also strongly twisted along the spanwise direction [7] . Walker et al. [7, 8] conducted a detailed study of the deformable wing kinematics of hoverflies, including timevarying wing camber, twist and angle of incidence. In addition, the wing deformation of a dragonfly was assessed using a computational fluid dynamic model [9] to explore the improvement of its aerodynamic performance. It is extremely difficult to build a numerical model to analyse the interaction between a wing surface and its surrounding air environment because the mechanics and mutual interactions of both the solid and fluid continua should be considered. Moreover, the solution should be convergent at every iterative step in both the solid and fluid domain. Alternative approaches are experimental studies or numerical computations of a simplified model. Recent research has shown that the twist angle indeed plays more significant roles than the camber in determining the aerodynamic forces during hovering flight by increasing the lift coefficient and reducing the required aerodynamic power [10] . When simplified wing-tip kinematics and angles of attack in the models of insect flight are used, the measured lift-to-drag ratio can be considerably reduced compared with when the original kinematics are used [11] . An experimental study of the effects on the aerodynamic force generation by wing flexibility showed that the net force on a flexible wing can increase or decrease through alternating sizing of the LEV by camber variation [12] during forward flight. Spanwise flexibility was found to be beneficial for thrust generation in a numerical study of flapping wing propulsion. The spanwise flexibility yields a small increase in the thrust coefficient and a small decrease in the power-input requirement, which results in higher efficiency [13] . Young et al. [14] analysed the aerodynamic forces of wing deformation in the locust using a commercial computational fluid dynamic (CFD) code with pre-described wing kinematics, later validating the numerical results through particle image velocimetry and smoke wire visualization methods. They found that a deformable wing achieved greater power economy than an un-cambered twisted model, which performed better than an untwisted model. There are also attempts to build up a systematic fluid-structure interaction (FSI) for highly flexible flapping wing [15, 16] . A systematic analysis of the aerodynamic performance of a hovering hawkmoth, Manduca, was reported as the first successful FSI of a flapping insect [17] . The hovering efficiency of a flexible wing was found to be improved when twisting is considered.
Here, the aerodynamic performance of a flexible wing and elytra -hind wings interaction of a beetle are explored by a three-dimensional numerical simulation. The aerodynamics performance of the beetle owing to the previous two factors is an interesting research topic because its size is quite large compared with other insects, the hind wings are highly flexible, and the elytra are hard wings whose main function is the protection of the hind wing and the body. The aerodynamics of flexible hind wings in beetle flight is not fully known yet. Moreover, the aerodynamic role of the elytra is not well elucidated owing to their small size and great hardness. So far, the closing and opening mechanism of elytra as well as their geometry have been the main focus in previous studies [18, 19] . The elevation of the prothorax was speculated to be the main mechanism in closing the elytra [20] . A simple method for analysing the aerodynamic performance of elytra has been published [21, 22] . However, sophisticated studies of the aerodynamics in both wings are still required. The role of elytra in aerodynamics becomes more interesting when elytra-hind wing interaction is considered because the beetle has one active and one passive flapping wing, whereas other insects such as dragonfly and desert locust have two active wings.
In this study, flexible wing kinematics including twist and camber deformation is acquired through an experimental study, with the results used as the input for a CFD analysis. The kinematics of the elytra is captured in the study as well, and a simulation considering the interaction between a single elytron and the hind wing was then conducted in order to investigate the aerodynamic role of the elytron during flapping flight.
Materials and methods

Wing kinematics
In our work, measured kinematics is used instead of simplified motions such as a sinusoidal function in order to investigate the aerodynamics of a realistic wing considering its flexibility. A male beetle is hung in the air inside a cubic chamber by a hook that is attached to the head of the beetle with cyanoacrylate glue. A cubic chamber of 50 Â 50 Â 50 cm is made of a transparent acrylic. Two high-speed cameras (Photron APX) are placed outside the chamber. One captures the front view and the other captures the side view. The camera is set to 2000 fps with a resolution of 1024 Â 1024 pixels. Two halogen lamps of 1 KW power are positioned to illuminate the region near the beetle. Fourteen 1 mm white dots are marked on the hind wing and four dots are marked on the elytron as anatomical landmarks for digitization purposes, as shown in figure 1. After several minutes of suspension, the beetle initially flies freely, while two cameras recorded its motion. A modified direct linear transformation (DLT) method is used to merge two two-dimensional camera recordings in a single three-dimensional coordinate space. Then, the three-dimensional coordinate of each dot on the wings is analysed by the DLT method implemented in Matlab. The details of the experimental study can be found in our previous work [23] . In the practical experiment, we repeated the pre-described processes several times in order to obtain high-quality data. Finally, we use averaged values in the six cycles of the flapping wing in determining a stroke plane, a flapping angle, a stroke amplitude, a deviation angle and an angle of attack (AOA) for the hind wing and the elytron based on the dot's coordinates (x, y and z values).
First of all, the stroke plane is defined as a plane which contains a wing-tip path connecting the top, bottom and middle positions during the cycle, which is called a representative tip path, as shown in figure 1a. The stroke angle is defined as the angle between the stroke plane and the horizontal plane namely, the zx plane. The span line is defined as a line connecting the selected dot near the wing tip and the selected dot near the wing root (thick yellow line in figure 1a ). The flapping angle is defined as the angle between the span line and its projection on the horizontal plane. The stroke amplitude is defined as the angle between the span line when the wing tip is at the top position and the span line when the wing tip is the bottom position. The deviation angle is the angle between the span line and its projection onto the stroke plane (orange line in figure 1a ). The deviation angle is used as the measure that indicates the difference of the instantaneous realistic tip path and the representative tip path, namely it shows the out-of-plane motion of the wing. The AOA is the angle between the chord line and the stroke plane. Furthermore, the camber is defined as the ratio of the mid-chord height (h) over the chord length (l c ) at each section. Similarly, the kinematics terminology of the elytron is defined in figure 1b . The elytron is a rigid wing, so twist and camber variations are negligible and the deviation angle is almost 08. Hence, the kinematics of the elytron is described by rsif.royalsocietypublishing.org J R Soc Interface 10: 20130312 three parameters: the stroke angle, the flapping angle and the AOA. The stroke plane of the elytron and the flapping angle are defined by two dots at the tip and the root wing as shown in figure 1b. The AOA is the angle of the chord line, which connects two dots at the middle position along the spanwise direction on leading and trailing edge, and the stroke plane.
Numerical methods
Flow solver
The wing kinematics from pre-described experimental study was used as the input condition of a CFD code in an effort to investigate the aerodynamic performance of a beetle. The in-house code, termed KFLOW, is a parallelized multi-block-structured Navier -Stokes solver; several turbulent models are available. For the spatial discretization, the Roe flux difference slitting scheme and third-order MUSCL are used with Van Albada limiter to obtain secondary accuracy of inviscid flux. Meanwhile, the simple central difference is used to obtain variable gradient of viscous flux. The dual-time stepping with the diagonalized alternate directional implicit method is used to advance the solution in time. This allows not only the use of a large time increment but also the maintenance of temporal accuracy. In addition, dual-time stepping also eliminates factorization and linearization errors by iterating the solutions along a pseudo-time. The numerical detail has been described in previous works [24 -27] . A Chimera mesh scheme was used to simulate a flapping wing because of its advantage in handling the relative motion between meshes [28] . In this Chimera overset method, a cut-paste algorithm is applied to compose a cross section that exchanges information between grids, which enables the generation of overlapping grids with moderate mesh interface regions. The overlapped grid method combines two major steps: hole cutting and donor identification [29] .
Wing and kinematics modelling
The morphologies of the hind wing and the elytron were measured in order to rebuild realistic wing models used in the simulations. Then, two block structure grids were created: one is the background mesh which covers the fluid domain in the simulation, the other one is a body-fitted mesh that contains the wing surfaces as shown in figure 2a . The no-slip boundary condition was applied on the wing surface; meanwhile the far field condition was imposed on the outer surface of the background mesh.
The numerical simulation was conducted in a standard air condition in which the reference velocity (forward velocity) and reference length (chord length) were 1.5 m s 21 and 1.55 cm, respectively. Hence, the non-dimensional parameters of the Reynolds number (Re) and reduced frequency (k) were around 1500 and 1.25, respectively. The flapping motion of the wing was described by the flapping angle, the AOA and the deviation angle while the orientation of the motion was decided by the stroke plane. The time variation of these three angles was digitally extracted from the experimental study, and the approximate function with time was then constructed for each angle by the following equation:
where w(t), b(t) and a(t) are the flapping angle, the deviation angle and the AOA, respectively. They are approximated by sixth order series in order to match the experimental data well. The coefficients of w cn ; w sn ; . . . ; a cn ; a sn are determined by solving the approximate matrix equation. In the case of the elytron, the deviation angle is too small to be ignored, thus its motion is expressed through two angles: the flapping angle and the AOA.
Wing flexibility and wing interaction
First, the aerodynamic performance of the flexibility of the hind wing was investigated through the following three models. The first model is the rigid wing in which the AOA along the spanwise direction was fixed as a measured value at r/R ¼ 0.4. Here, r is the distance from the wing root to a reference point, meanwhile R is the hind wing's length in the spanwise direction, measured from the wing root to the wing tip, namely, the AOA of all points on the wing at each time step are equal to the measured AOA at r/R ¼ 0.4 at that time step. In other words, AOA is not spatially varied in the rigid wing model. The second model is a twisting wing in which the AOA was varied along the spanwise direction, namely the AOA becomes the function of time and space. The third model is a flexible wing in which camber variation was added compared with the twisting wing. So, both AOA and camber are functions of time and space. Hence, the roles of spanwise twisting and camber variation in aerodynamic performance in beetle flight are expected to be clarified throughout the comparisons of these wing models. The linear variation of the AOA along the spanwise direction versus time are approximated by sixth order series, which is similar to equation (2.1). Then, the variation of the AOA was automatically applied to each point of the wing surface at each time step in the simulation of the twisting wing. Similarly, the time and spatial variation of the camber was also rebuilt as an approximate function, which is applied to each point on wing surface at each time step in the simulation of the flexible wing. Differences in the figure 2b . Second, the simulation of the interaction between the elytron and the hind wing was conducted in order to explore the aerodynamic performance of the elytron. The wing interaction between both sides and wing -body interaction in hovering hawkmoths was studied in Aono et al. [30, 31] , which showed that the difference in the force on left and right wing is ignored owing to symmetric flapping; also, the force generated by the body is much smaller than that by the wing. The interaction between the left and the right wing is expected to be significant only in a small insect at low Reynolds number when the positions of the two wings are closed enough [32] . The beetle is an insect which has a large body and the gap between two wings is quite large, hence the effect of the interaction is estimated to be small. Thus, in this work, we just analysed the interaction between the elytron and the hind wing on one side of the beetle. Interaction simulation requires three blocks of structure grid: one body-fitted mesh is for the elytron, the other is for the hind wing and the background mesh is for the rest. Two wings were controlled to flap simultaneously. The hind wing was a flexible wing while the elytron was a rigid wing, where no twist or camber was considered. The wing positions and shapes at the typical time steps are shown in figure 2c.
Evaluation of force and validation of method
The total aerodynamic force was calculated from the pressure and the shear stress on the wing surface, which are obtained from the solution of the Navier-Stokes equation. Between them, the pressure is a critical factor in evaluating the force in flapping motion. Hence, vortices, the pressure contour around the wing and the pressure coefficient on the wing surface were usually extracted for the quantitative analysis of the aerodynamic performance. The vortices could describe rotational flow structures and a considerable pressure drop normally occurs near their core region. Here, the Q-criterion is chosen among local vortex-identification criteria. Hunt et al. [33] named Q after the second invariant of velocity gradient tensor ru, which is calculated by
2Þ that of the strain. The pressure coefficient (C P ) along a chord line is plotted in order to show differences of pressure on top and bottom surfaces. It is defined as
where P is the pressure at a reference point. P 1 , r 1 , and V 1 are pressure, fluid density and velocity under free-stream conditions. Total aerodynamic force was resolved to horizontal force, vertical force and side force in the x, y, and z directions, respectively, in a global fixed coordinate (figure 2). The side forces are cancelled out from left and right side wings owing to symmetry in free-forward flight. The free-stream velocity is parallel to the x direction, hence lift is the vertical force and thrust is the negative horizontal force. The aerodynamic torque (T ) in each direction of the flapping motion was also calculated by the sum of the cross product of the force and the position vector from the wing root to each cell centre located on the wing surface as follows:
where F i and r i are force and position vectors at each cell. Then, the aerodynamic power was calculated by the scalar products of the angular velocity and the aerodynamic torque of the wing. The accuracy of our flow solver in analysing a flapping wing was validated in previous works [34, 35] . Moreover, we performed a simulation of a fruitfly model during hovering as the benchmark for the three-dimensional flapping simulation. The flapping kinematics were chosen from the experimental model described in Dickinson et al. [2] . Then, the lifts from our results were compared with the experimental results in Dickinson et al. [2] and other numerical simulation results [36, 37] . Figure 3 shows that our results show good agreement with the previous data.
The convergence solution was obtained when the dependence of the aerodynamic forces on the grid and time was minimized. Two body meshes were used, grid 1 (260 Â 40 Â 150) and grid 2 (350 Â 50 Â 180), around the wing section in chordwise, normal and spanwise directions. The difference of forces was less than 2.8 per cent between them. Hence, grid 1 was used to test the effect of the number of time steps. The numbers of the time step in a cycle were 100, 200 and 300 for case 1, 2 and 3, respectively. The difference in force was less than 5 per cent between case 1 and case 2, and less than 3 per cent between case 2 and case 3. Therefore, we chose grid 1 and case 2 for the present study.
Result
Wing kinematics and morphology
The wing morphology was obtained from the experimental measurement. The lengths of the hind wing and elytron were found to be around 48.20 + 1.38 and 24.14 + 1.25 mm, respectively. The mean chord length of the hind wing and the elytron were approximately 15.02 + 0.21 and 14.00 + 0.38 mm. Hence, the sizes of the hind wing and the elytron were set to 50 Â 15 and 25 Â 14 mm, respectively, when the grid system of both wings was generated.
The kinematics of the elytron is shown in figure 4a . Downstroke is the period from 0 to 0.5 non-dimensional time, t/T when the wing tip starts to move from the top position to the bottom position, where T is total period. Meanwhile, upstroke is the period from 0.5 to 1 t/T. Hence, the middle positions of downstroke and upstroke are 0.25 and 0.75 t/T, respectively. There were 53 frames for a single stroke, which means that the frequency ( f ) was 37.7 + 0.3 Hz. The body angle is almost zero degrees with respect to the horizontal plane. The free-forward velocity of the beetle was recorded at 1. the downstroke, while the negative camber was 212% during the upstroke [23] . The twist angle is defined as the difference of the AOA between r/R ¼ 0.8 and 0.2. During the flapping cycle, the AOA of the hind wing shows approximately linear decrement in the downstroke and linear increment in the upstroke along the spanwise direction as shown in figure 4c . Thus, the twist angle was negative during the downstroke and positive during the upstroke. For instance, the twist angle was 2258 and þ358 at the middle positions of the downstroke (t/T ¼ 0.25) and the upstroke (t/T ¼ 0.75), respectively. Figure 5a ,b shows the snapshots of wing kinematic and also represents the difference in the orientation of the chord line at r/R ¼ 0.2 and 0.8. The AOA was defined as the angle between the chord line and the stroke plane; meanwhile, the effective AOA is the angle between the chord line and the relative velocity (V ), which is the resultant vector of the forward velocity (V 1 ) and the local flapping velocity (U ¼ vr). 
Aerodynamic performance of a flexible hind wing
The aerodynamic forces and power required for the flapping motion of three hind wing models are shown in figure 6 . The stroke plane angle was 728 with respect to the horizontal plane, which indicates that the hind wing flapped with nearly a vertical stroke; therefore, positive vertical force was typically created during the downstroke and negative force was formed during the upstroke. The magnitude of the instantaneous vertical force of the twisting wing was smaller than that of the rigid wing, as clearly shown in the middle position of the stroke when the twist angle of the hind wing was largest. The instantaneous vertical force of a flexible wing with camber variation was similar to that of the rigid wing during the downstroke; however, it was smaller during the upstroke. Thrust was produced during both strokes owing to the large variation of the AOA. The twisting wing created less thrust than the other models. The thrust created from the flexible wing was similar to that of the rigid wing during the downstroke, while it was largest during the upstroke. The required power for the translational phase (0.1 t/T 0.4 and 0.6 t/T 0.9) was much higher than that for the transition period in which the wing rotates (0.4 t/T 0.6 and 0.9 t/T 1.1). Specifically, the power required in the graph shows that the rigid wing requires more energy for flapping in comparison with the other models. The average values of these parameters are summarized in table 1. The advantage of wing twist and camber variation was clearly shown in the comparison of the power economy, which is defined as the ratio of the total aerodynamic force to the required power ). To gain in-depth insight into the performance of all wing models and for the comparisons among them, the vortex and pressure around the wing must be analysed. First, the aerodynamic performance at the middle position of the downstroke, where the difference in the instant forces and power required among these wing models is most significant, was explored. Figure 7 shows the iso-surfaces of the Q-criterion and pressure distribution on the hind wing in the rigid (top) and the twisting (middle) and the flexible (bottom) cases at t/T ¼ 0.25. The iso-surface of the Q-criterion indicates the size of LEV and it is coloured by the pressure magnitude in the figures. Corresponding to the vortices, the pressure distributions on the wing surface as well as on two cross-sections (r/R ¼ 0.3 and 0.75) are depicted in the right column. In general, the vortex aspects in the three cases were quite similar. However, vortex magnitudes differed. At the middle position of the downstroke, the downward translational velocity of the hind wing reached its maximum value and the spiral LEV occurred on the top surface of the wing, and the spiral LEV near the wing tip was inflected to form the tip vortex. Also, the root vortex was connected to the tip vortex and round vortices formed. In a comparison of the colour, the negative pressure in the spiral LEV near the wing tip in the case of the twisting wing was smaller than that of the rigid wing. This can be explained by decrease in the effective AOA towards the wing tip; at r/R ¼ 0.8, it was 388 for the twisting wing and 608 for the rigid wing. The instantaneous positive camber enhanced the strength of the spiral LEV in the flexible wing model. Consequently, the horizontal and vertical forces of the flexible wing are more similar to those of the rigid wing than to those of a twisting wing, as shown in figure 6 . The camber apparently improves the instant value of the lift as well as the thrust of the flexible wing compared with the twisting wing.
The negative pressure (blue) distribution indicated the locations as well as the strength levels of the vortices. On the top surface of the hind wing, the negative pressure region was confined to the leading edge near the wing root and was extended along the chordwise direction near the wing tip; this phenomenon is caused by the spiral LEV. Negative pressure on the cross-sections also shows the strength of the LEV in the vicinity of the top surface of the hind wing, while positive pressure (red) was observed on the bottom surface of the hind wing owing to its downward translational motion. Especially at r/R ¼ 0.75, the strength of the LEV for the three models can be distinguished by the magnitude of the pressure. A clear difference is noted in the size of the LEV between the rigid and twisting wings. rsif.royalsocietypublishing.org J R Soc Interface 10: 20130312
The LEV detached and its core moved up and away from the top surface in the rigid wing. On the other hand, it attached easily onto the top surface in the case of the flexible wing owing to its concave shape.
In a more detailed quantitative comparison, the pressure coefficient at two sections was plotted, as shown in figure 8 . The strength of the LEV can be seen through the large negative pressure coefficient on the top surface of the hind wing. In the section with r/R ¼ 0.3, the pressure coefficient dropped sharply to a negative value near the leading edge and then recovered quickly, remaining constant towards the trailing edge. Meanwhile, it recovered gradually towards the trailing edge in the section with r/R ¼ 0.75. Again, this phenomenon was caused by the spiral LEV: concentrated on a small area near the wing root and spreading over the wing area near the wing tip. The difference in the positive pressure coefficient on the bottom surface among these wing models also denotes the effects of the camber factor and twist. The difference in the positive pressure in the three models was minor near the wing root when the local flapping velocity was small. The difference became significant near the wing tip; with the twist angle, the chord line was well aligned with the relative velocity and a low amount of positive pressure occurred on the bottom surface in the twisting wing, whereas the positive camber strengthened the positive pressure from the middle position of the chord line towards the trailing edge in the flexible wing.
Similarly, figure 9 shows the iso-surfaces of Q-criterion and pressure distribution on the three wing models with t/T equal to 0.8, when the wing passed through the middle position of the upstroke. An unstable vortex region appears below the bottom surface of the wing. This was considered to result from the rapid wing rotational motion during the transition period from the downstroke to the upstroke. A new strong spiral LEV is generated on the bottom surface in the three wing models when the wing rapidly moves in the upward direction. The negative pressure area on the section with r/R ¼ 0.75 visually showed the strength of the spiral LEV. At r/R ¼ 0.8, the effective AOA was 128 for the twisting rsif.royalsocietypublishing.org J R Soc Interface 10: 20130312 wing and 408 for the rigid wing. Hence, the strength of the spiral LEV on the wing surface in the twisting wing was much smaller than that in the rigid wing. The instant negative camber strengthens the spiral LEV in the flexible wing model. As a result, the rigid wing creates instant negative vertical force that is larger than that of the other wings, as shown in figure 6 . The negative camber made the flexible wing produce the largest thrust. In terms of energy consumption, the rigid wing required a considerable amount of power, whereas the other wings needed less during this period.
The differences in the force among the three models were apparent at the above two time steps, but they were not during the other time intervals. Therefore, we selected one specific time step (t/T ¼ 0.35) to determine the factors that caused this. When the hind wing passed through the middle position and towards the end position of the downstroke, the spiral LEV near the wing tip fully detached from the top surface and was shed into the wake in the downstream. At t/T ¼ 0.35, an unstable vortex was observed near the wing tip, showing a complicated structure of the vortices with the combination of the spiral LEV and the tip vortex, as shown in figure 10 . The ring of the tip vortex broke down in the downstream in the case of the twisting wing owing to its low strength. Corresponding to the pressure distribution, the area shown in blue, which exists only near the wing root, indicates that strong negative pressure dominates. In other words, the spiral LEV is still attached to the wing surface near the wing root. On the other hand, the area in blue is diluted to green in the detaching vortex area near the wing tip. At this moment (t/T ¼ 0.35), the forces and required power are small and the effect of the twist and the camber is trivial. In general, the effect of the twist and camber is not significant in the period when the spiral LEV is detached from the wing surface.
Elytron -hind wing interaction considering the flexibility of the hind wing
The elytron-hind wing interaction was also studied when the flexible hind wing was considered. In addition, numerical simulation of the elytron only was conducted for comparison purposes. Figure 11 shows the aerodynamic forces acting on the elytron and hind wing with and without interaction. The difference in the force was significant on the elytron, whereas it was minor on the hind wing. This is the typical aerodynamics of the beetle owing to the major difference in the size, materials, and kinematics between the elytron and the hind wing. The instantaneous vertical force on the elytron was increased, especially at the middle position of the stroke, when both wing positions moved closer to each other. In addition, the horizontal force on the elytron also increased owing to the interaction. The large size and high flapping velocity of the hind wing significantly affected the aerodynamics of the elytron, whereas there was no effect in the reverse case. The downward velocity of the hind wing increased with time from the beginning position to the middle position of the downstroke. Hence, the free stream over top surface of the elytron was 'accelerated' to move down along the trajectory of the hind wing, while the hind wing flapped down at a high velocity. Therefore, the LEV on the top surface of the elytron was enlarged, a difference in pressure between top and bottom surface of the elytron became significant. Figure 12 shows the difference in the size of the iso-surface of the Q-criterion of the elytron when there was no interaction (figure 12a) and interaction (figure 12c). Correspondingly, figure 12 also demonstrates the pressure difference between top and bottom surfaces in the case of no interaction (figure 12b) and interaction (figure 12d). As a result, the instantaneous vertical force on elytron of the case with interaction increased up to almost three times as compared with that of the case without interaction. Afterwards, the relative positions of the elytron and the hind wing were far apart, and the wing interaction effect then became weaker. Based on our experimental observation, the wing sizes and flapping angles of the hind wing were two and five times these of the elytron. Hence, the magnitude of the forces on the elytron was much smaller than that on the hind wing. Therefore, we explored the forces on the elytron with respect to its weight. The gravity force of the elytron is 0.55 mN, which is quite high owing to its larger density than that of the hind wing. The elytron could not support its own weight by the aerodynamic force generated when the interaction is not considered (0.42 mN). However, the wing interaction enhanced the mean vertical force on the elytron to 0.62 mN, which yielded a 50 per cent improvement. Therefore, its weight was fully supported by itself. The elytron-hind wing interaction also increased the drag on the elytron from 0.025 to 0.23 mN.
Discussion
After exploring the basic mechanism of a flapping wing, researchers became more interested in the optimization of the flying mechanism of insect models. They currently focus on wing flexibility, including wing twisting along the spanwise direction and camber variation along the chord-wise direction. The flapping power economy is used in evaluating the performance of the flapping model. The locust flight model was investigated by comparing a full-fidelity wing, a twisting-only wing and a camber-only wing [14] . The highest power economy was achieved in the full-fidelity model. The low efficiency of the momentum transfer in the simplified models was attributable partly to the flow separation at the leading edge. Basically, the high lift of insect flight are typically associated with massive flow separation and a large LEV during flapping [3, 38] . However, the high lift is not always required for all flight conditions; hence, the size of the LEV should be controlled to obtain higher efficiency. How the leading edge becomes well aligned with the incoming flow during flight is dependent on wing flexibility. In an experimental study of a dragonfly, the mechanism involved in the foundation of the LEV was observed through a smoke wire visualization method [38] . The role of the AOA for the generation of the LEV was emphasized. In a steady flow, the stall phenomenon usually occurs when the effective AOA is larger than 158. Meanwhile, in an unsteady flow, the flow is separated at the leading edge of the wing and then reattaches to the wing surface behind the leading edge along the wing chord direction over 158 of the effective AOA. This phenomenon is called the delayed stall. For the rigid wing, the effective AOA was constant along the spanwise direction, and it was changed in the range from 458 to 608 during the downstroke. Hence, the separation of the flow became massive near the wing tip of the hind wing, where the local angular flapping velocity was high. For the twisting wing, the effective AOA was modulated towards the wing tip in the range from 308 to 408 and the smaller LEV is then generated. Thus, lower power consumption by the smaller LEV is expected for the twisting wing than for the rigid wing.
In our simulation result, the spiral LEV was considered to be the main source of the high unsteady force at the middle position of the stroke in the three wing models. The tendency of the force distribution in these models was similar except for the difference in the magnitude of the instantaneous forces at the middle position of the strokes. Near the wing tip, the strength of the spiral LEV was significantly different between the rigid and twisting wings. The rigid wing generated a stronger spiral LEV than the twisting wing, which yielded higher aerodynamic force on it. In terms of momentum transfer, massive flow separation occurred and a large amount of energy was consumed as vortex activities in the wake. Therefore, a high level of power was needed for lift generation at this moment in the rigid wing. During forward flight, the beetle only needs the mean vertical force to support its weight with a large amount of thrust to fly forward rapidly. This indicates that the average vertical force during one stroke of flapping is much more important than the instantaneous force. The positive camber in a flexible wing not only generates high lift, but also enhances the thrust as compared with the rigid wing, as shown in figure 6 . The aerodynamic force of the rigid wing represents inefficient kinematics for the forward flight because the high positive vertical force during the downstroke is almost cancelled out by the high negative force during the upstroke. Meanwhile, the mean vertical force was the lowest among the three models. Furthermore, it takes highest power rsif.royalsocietypublishing.org J R Soc Interface 10: 20130312 from the muscle of the beetle for high instantaneous force during both strokes. A natural flyer will apply other efficient wing kinematics instead of a rigid wing. By varying the AOA along the spanwise direction and the camber along the chord-wise direction, the leading edge of the hind wing can align suitably to the incoming flow direction near the wing tip; therefore, the flow can reattach to the wing surface well. This is useful during the upstroke when the negative vertical force needs to be minimized. The average vertical force of the flexible wing was improved by 13 per cent compared with that of a rigid wing, and it was close to the gravity force of the beetle, which is in the range of 45-50 mN. In addition, the flexible wing can reduce the required power by 25 per cent with respect to the rigid wing. This highlights the critical role of the effective AOA as well as the camber in optimizing the flapping mechanism, as previously reported [38] . It was demonstrated from our simulations that the aerodynamic power efficiency of beetles appears to derive from their ability of reduce the flow separation and the associated loss of energy while maintaining the flight function. Hitherto, fewer reports on the elytra and their role in aerodynamic performance can be found in the literature. Their main objective is apparently a protective function of the hind wings in resting state. The coupling force owing to the interlocking mechanism for opening and closing elytra may be as high as 160 times the gravity force of its own bodyweight [39] . The high force allows the beetle to safely penetrate soil, wood and hard material and to protect a thin and highly flexible hind wing that shows extraordinary aerodynamic performance. Other previous studies focus on geometry and mechanical properties of the elytra: hardness and modulus of fresh cybister elytra are 0.31 and 6.13 GPa, respectively, and the difference of ultimate stresses in transverse and longitudinal directions has been reported [40] . The elastic properties of the wings are determined by resilin (a rubber-like protein) distribution inside the vein system [41] . The mechanisms of folding and unfolding of the hind wing are strongly interactive movements of elytra, namely as autapomorphic character states of Coleoptera [42] . These results provide deep insights into the design mechanism and structure for future flight vehicles by mimicking biostructure. Meanwhile, there are few comprehensive reports for the role of the elytron in aerodynamic performance, which is the critical factor for flight vehicles. One of the main contributions of our work is findings about the role of the elytron in aerodynamic performance while considering the interaction of the hind wing.
Owing to the large difference in the size and the flapping angle between the elytron and the hind wing, the interaction effect was clearly observed only on the elytron. The wing interaction not only significantly increases the vertical force on the elytron, but also maintains the aerodynamic performance of the hind wing. Flapping in phase with the hind wing, the elytron creates enough vertical force to support its weight. Furthermore, during the motion in phase, the elytron can avoid blocking the flow stream or having other negative aerodynamic effects on the hind wing during free-forward flight. Consequently, when the effects of wing flexibility and interaction are combined, the vertical force from both wings (48.4 mN) becomes larger than the gravity force of the beetle (47.5 mN).
Conclusion
The role of the flexibility of the hind wing and elytra-hind wings interaction of a beetle during free-forward flight was studied through a numerical simulation. Preliminary experimental measurements determined a large twist angle along the spanwise direction and great variation of the camber during flapping. These factors reduce massive flow separations on the leading edge, yielding a small amount of instantaneous negative vertical force during the upstroke in a flexible wing model. Therefore, a significant improvement in the mean values of the lift and thrust was achieved; moreover, less power was required in the flexible wing model. As a result, the advantage of the flexibility of the wing was clearly revealed owing to the enhancement of the power economy. The elytron-hind wing interaction provided an improvement in the aerodynamic forces mainly acting on the elytron, and the total lift for wing flexibility and interaction is then enough to support the weight of the beetle during free-forward flight.
